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The Diffusion of Hydrogen in Iron 


It has long been known that the rate of diffusion of 
hydrogen through iron is dependent in a pronounced 
degree on the condition of the hydrogen in contact 
with the surface.1. Nascent hydrogen produced by 
chemical or electro-chemical reaction at the surface 
of an iron cathode is readily absorbed, and diffusion 
oceurs through the metal; but if a second sheet of 
iron is placed close to the actual cathode, the gas does 
not diffuse through it, showing that only. the hydrogen 
atoms or the hydrogen ions can diffuse and not the 
molecular gas liberated as bubbles. The relatively 
high rate of diffusion obtained with nascent hydrogen 
is due to the hydrogen being already ionised, when it 
is produced at the surface, and therefore readily 
adsorbed. The rate of diffusion is increased by any 
change which increases the concentration of the 
hydrogen ions at the surface of the metal. 


The distinctive characteristics of the diffusion of 


atomic hydrogen and of protons (ionised hydrogen 
atoms) is clearly brought out by the work of A. 
Giintherschulze and H. Betz.2 Giintherschulze and 
his collaborators* have developed a technique for 
measuring the rate at which hydrogen penetrates an 
iron plate which forms the cathode of a glow dis- 
charge. The measurements indicated that two kinds 
of particles pass through, a faster with a diffusion 
constant of 9 cm.?/day with a small tempera- 
ture coefficient, and a _ slower, of which the 
diffusion constant at 3 deg. Cent. was 0:76 
em.?/day, rising rapidly with the temperature. 
This was explained by supposing that the hydro- 
gen diffuses both as protons and as atoms. At 
above 2000 volts the diffusion becomes very rapid, and 
the whole of the hydrogen bombarding the plate 
passes through. In these circumstances hydrogen 
and deuterium were found to diffuse at equal rates. 
A plate becomes temporarily impermeable to hydrogen 
if it is used as the cathode in an argon glow discharge, 
but subsequently regains its permeability in a 
hydrogen discharge. Proton diffusion does not occur 
in aluminium, copper, silver, platinum, or palladium, 
and of these, only palladium allows appreciable 
atomic diffusion of hydrogen at room temperature. 
Obstruction of the iron by argon in hydrogen-argon 
mixtures is practically nil with a cathode fall of 273 
volts. With 1171 volts cathode fall blockage started 
at 55 per cent. of argon and with 2157 volts cathode 
fall it started at 20 per cent. argon. Similar effects 
were found with neon and helium. An iron plate 
rendered impermeable through obstruction by the 
rare gases only very gradually loses its impermeability, 
an indication that the rare gas ions driven by the 
discharge into the surface layers of the metal are 
evolved again extremely slowly. 

In the most recent paper referred to above, 





Giintherschulze and Betz? deal mainly with the 
temperature coefficient of the diffusion constant. A 
dise of iron 2:85 mm. thick and 166 mm. diameter, 
formed the base of a glass vessel.and acted as the 
cathode of an electrolytic cell. Another iron plate 
was welded about 0-5 mm. below the former, so as to 
make a vacuum-tight joint, and, from the space 
between the two, a tube led off to the measuring 
chamber, where the rate of flow of hydrogen from the 
back of the iron cathode could be ascertained: by 
pressure measurements made by means of a hot-wire 
manometer. It was found convenient to measure 
the diffusion constant from the “‘decay” curve 
representing the rate of flow at various times after 
cutting off the electrolytic current. Immediately 
after switching off, the flow continues for a time as it 
was with the current on. With a 12 mm. thick plate 
at room temperature this condition lasts for 16 to 20 
minutes. If during this time the temperature alters, 
the alteration in the rate of flow of hydrogen (or of 
7 in the hot-wire manometer) is propor- 
that of the diffusion constant. Log i 
plottedAgainst the temperature gave a straight line, 
hence D, the diffusion constant which is proportional 
to i, is an exponential function of the temperature. 
This was confirmed by calculations of the absolute 
diffusion constant from the half-value period of the 
** decay ’’ curves of rate of hydrogen emission deter- 
mined at different temperatures. On account of the 
‘* equilibrium process ”’ between molecular and atomic 
hydrogen, referred to later, the ‘‘ decay ” curve does 
not fall to zero, but to a small residual rate which is 
taken into account in calculating the half-value 
period. The following results were obtained :— 
Diffusion 
Temperature, constant (D), 
deg. Cent. cm.?/day. 
BO oc een Vanes oot ee ene 0-044 
Opi Gan Bie ie Cag ee 0-404 
Oho dag sass} Mags nce eons egeeek aaa ree 3-71 
1 a aay Ieee ear Fee STS 34-7 
SO sins nck, Se gee 04s Oem et tags 2,950 
BOO Fie BPO Rae hae a Oe 
These may be expressed by the linear equation 
log D=0-0193 T—5- 66, 
where T is the absolute temperature. 

These values should not be expected to correspond 
to the diffusion constants determined by Smithells 
and Ransley and by Borelius and Lindholm for the 
diffusion of hydrogen gas at various pressures and 
temperatures through iron. For these, log D was 


In such circum- 


found to be a linear function of * 


stances the gas must undergo activated adsorption 
before diffusion is possible, and the amount of 
hydrogen diffusing through the iron will depend on 
the number of hydrogen molecules which impinge 
on the iron surface with sufficient kinetic energy to 
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split themselves into two atoms which can then 
diffuse through the metal. The diffusion constant 


E 
would therefore vary as e ***, where E=energy of 
activation and k is Boltzmann’s constant ; and log D 


would give a straight line when plotted against i 


The measurement of the diffusion constant of 
protons is beset by considerable difficulties. It can only 
be done between certain temperature limits, since 
above 70 deg. Cent. the diffusion constant of the atoms 
exceeds that of the protons. Since the glow dis- 
charge induces a rise in temperature, cooling agents 
have to be used to prevent heating of the iron plate. 
The presence of oxide on the back of the cathode may 
also lead to irregularity of results. With only the 
slightest trace of oxygen, the diffusion of hydrogen 
through iron is very much reduced, but the removal 
of the last traces of oxygen (by absorption of the 
water formed by means of phosphorus pentoxide in 
the discharge chamber) raises the quantity of hydrogen 
diffused to a high value. When the conditions were 
correctly adjusted, the “‘ decay ”’ curves of the rate of 
hydrogen emission from the back of the cathode were 
determined from the moment of cutting off the glow 
discharge, and the half-value periods which are pro- 
portional to the diffusion constant are given below :— 


Deg. Cent. Seconds. 
GRAS Ea Ses ee arab game in cee 
Een d clit Saalp masher oe Se, hresG: Suis oe SOT aac 
—66. Sivlt ee a 


The table shows that the temperature coefficient 
of proton diffusion is completely different from that 
of atomic hydrogen diffusion; in fact, the rate of 
diffusion of protons is almost independent of the 
temperature. 

At liquid air temperatures measurements of proton 
diffusion could not be obtained except in a very thin 
plate (0-128 mm. thick). Ina 1 mm. plate the atomic 
hydrogen apparently completely obstructed diffusion 
of protons before enough time had elapsed to take 
a decay curve. After subjecting the plate at liquid 
air temperatures to a glow discharge for 10 minutes 
with 75 milli-amperes at 1200 volts, no hydrogen went 
through. Then, under high vacuum, the temperature 
was allowed to rise to — 110 deg. Cent. The hydrogen 
began to come off from the iron, but almost the whole 
of it appeared in the discharge chamber, and prac- 
tically none in the measuring chamber, a clear indica- 
tion that the total hydrogen was stored up in the 
immediate vicinity of the surface on the cathode side. 
The fact that proton diffusion through iron can be 
stopped by atomic hydrogen when the temperature 
is so low that the atomic hydrogen is stationary, 
possibly explains the fact that no single one of the 
metals previously studied, except iron, shows proton 
diffusion. The diffusion of atomic hydrogen is rapid 
in iron compared with its rate in other metals. Thus 
other metals at room temperature may be in a con- 
dition with regard to atomic hydrogen diffusion 
similar to that of iron at —120 deg. Cent., and as a 
result of obstruction by atomic hydrogen no proton 
diffusion can be observed. 

The work of Giintherschulze and his co-workers 
gives a clear indication of the alternative methods of 
diffusion of hydrogen in iron. The decay curve of 


the rate of emission of hydrogen at room tempera- 
tures and below from the back of an iron cathode 
which has been subject to glow discharge in hydrogen 
gives evidence of a rapid rate of diffusion of protons 





and a slower rate of diffusion of atoms, the relative 
effect varying with the voltage applied. The rate 
of diffusion of the protons is the same at all tempera- 
tures; that of the atoms increases as the tempera- 
ture rises. Only if a proton as such is driven into the 
iron will it diffuse further. In electrolysis the protons 
are discharged to hydrogen atoms before they enter 
the iron and then diffuse as atoms. In this case 
also the decay curve gives evidence of a relatively 
rapid and a slow rate of diffusion. Here the rapid 
rate is that of the atomic hydrogen and the slow rate 
is due to interference with this process by the forma- 
tion of molecular hydrogen. Molecular hydrogen 
itself does not diffuse, but in the supposed imperfec- 
tions or discontinuities of the crystal structure of the 
iron, the atomic hydrogen may be transformed to 
molecular hydrogen and very high pressures reached. 
Ultimately there is equilibrium between the atomic 
and molecular hydrogen at high pressure in the cavity, 
the atomic hydrogen flowing in and the atomic 
hydrogen flowing out again. If, then, the electro- 
lytic current is cut off, the inflow of hydrogen ceases, 
but the cavities continue for a time to yield atomic 
hydrogen out of their store. It is for this equilibrium 
process that the observed decay curves have to be 
corrected in determining the absolute diffusion con- 
stant of atomic hydrogen; but, apart from this, it 
will be obvious that the mechanical effects which may 
be produced by the high pressure of the molecular 
hydrogen formed within the metal go far to explain 
the weakening and damage which may be induced 
in iron and steel by pickling and other processes 
which involve the occlusion of hydrogen. 


REFERENCES 
1 See C. J. Smithells, ‘‘ Gases and Metals,’’ page 127 et seq. 
2 Zeit. fur Physik, 1939, 114, 82. 
3 Zeit. fiir Physik, 1939, 111, 657, and 112, 648. 








Corrosion of Light Alloys 


TuE collection of papers published under the title 
** Journées de la Lutte contre la Corrosion, Paris, 
1938,’"! afforded extensive information on corrosion 
problems in general, including those arising in connec- 
tion with the light alloys. These papers have been 
succeeded by other reports and discussions on corro- 
sion problems relating to modern aircraft.2, One of 
the most important of these, on account of the large 
amount of reliable data that it provides, is Willard 
Mutchler’s report® on “The Effect of Continuous 
Weathering on Light Metal Alloys used in Aircraft.” 
This may be regarded as a supplement to the same 
author’s previous report’ on “The Weathering of 
Aluminium Sheet Materials used in Aircraft.’ Test 
pieces of various aluminium and magnesium alloys 
were exposed for periods up to five years to an inland 
atmosphere, to a temperate sea-coast atmosphere, and 
to a tropical sea-coast atmosphere. Others were 
exposed in the laboratory to salt spray for periods 
up to eighteen months. Some of the samples were 
unprotected and others were given protective coatings 
of various kinds. Corrosion of about 7000 specimens 
was studied by visual, macro and micrographic 
examination and by measurements of tensile pro- 
perties. The conclusions derived from this work 
may be summarised as follows :— 


DURABILITY OF ALUMINIUM ALLOYS 


Aluminium alloys containing 1-25 or 3-5 per cent. 
of magnesium and 0-25 per cent. of chromium were 
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exceedingly resistant to corrosive attack in marine 
atmospheres. Although their initial tensile strength 
is not high, no loss in tensile properties had occurred 
at the end of the maximum period of exposure. 

Aluminium alloy sheet containing 6 per cent. of 
magnesium was resistant for about three years, after 
which severe intercrystalline attack developed. 
Rivets of this material showed intercrystalline attack 
after the second year. 

Aluminium alloys with no copper, but containing 
small amounts of magnesium and added manganese, 
silicon, or cadmium, were definitely much superior 
in corrosion resistance, under marine conditions, to 
materials containing copper as a chief alloying con- 
stituent ; but the alloys containing 2 per cent. of 
cadmium were unsatisfactory, owing to an inferior sur- 
face finish and the prevalence of internal flaws, which in 
some cases markedly lowered their tensile properties. 

The high-strength copper-bearing alloys of the 
duralumin type showed no appreciable loss of tensile 
strength in five years under inland conditions of 
exposure, but even when they are properly heat- 
treated the application of additional surface protec- 
tive coatings is strongly recommended if the alloys 
are to be exposed to more severe conditions. Some 
of the copper-bearing alloys of the duralumin type 
were characterised by the presence of relatively thin 
longitudinal layers more prone to attack than the 
adjacent metal. Along these layers corrosion pene- 
trated much more rapidly and deeply than on the 
sides. This preferential attack occurred only under 
saline exposures and caused an appreciable lowering 
of the tensile properties. These alloys when alumi- 
nium coated in the form of Alclad products were 
exceptionally resistant to attack and showed no 
consistent loss in tensile properties at any of the 
exposure stations. 

The susceptibility to corrosion of duralumin, as is 
well known, is dependent on heat treatment. Mutchler 
recommends a solution heat treatment of 15 to 
30 minutes at 505 deg. Cent., followed by quenching 
quickly in cold water and ageing at room tempera- 
ture. Variations in the solution heat treatment tem- 
perature between 475 deg. and 545 deg. Cent. made 
no appreciable difference in corrosion behaviour, if 
followed by quenching in cold water and ageing at 
room temperature, but samples treated at the lower 
temperatures possessed somewhat lower initial pro- 
perties. Duralumin, improperly treated by quench- 
ing in boiling water, was very susceptible to corro- 
sion, and baking the properly quenched and aged 
duralumin at temperatures in excess of 100 deg. Cent. 
rendered the material exceptionally susceptible to 
intercrystalline attack. 


JOINING OF ALUMINIUM ALLOYS 


Spot welding appeared to offer considerable pro- 
mise as a method of joining Alclad or the alloys con- 
taining magnesium 2-5 and chromium 0-25 per cent., 
or magnesium 1-0 and manganese 1:25 per cent. 
The strength of such joints was consistently much 
higher than that of those formed with similarly spaced 
aluminium alloy rivets. Although localised corrosive 
attack occurred at the welds, penetration was insuffi- 
cient to result in pronounced lowering of the break- 
ing loads at the end of the exposure tests. 


SurRFACE TREATMENT OF ALUMINIUM ALLOYS 


Surface oxide coatings, when used alone, proved 
inadequate to protect duralumin over prolonged 
exposure to saline conditions. Coatings formed by 
a variety of immersion methods which were investi- 





gated were all decidedly inferior to coatings formed 
by anodic treatment in chromic acid or sulphuric 
acid electrolytes ; but anodised coatings, sealed with 
chromic acid electrolytes or with chromates, rendered 
properly heat-treated duralumin very resistant to 
corrosive attack under severe saline conditions. 
Optimum protection of duralumin may be expected 
when good grades of aluminium-pigmented marine 
spar varnishes are applied to anodically treated sur- 
faces. that have been sealed with chromium trioxide 
or chromates. The tests indicated that increased pro- 
tection with the paint coatings was due to the alumi- 
nium pigment. The results obtained with pigments 
consisting of zinc dust, zinc oxide, zinc chromate, 
iron oxide, titanium oxide, or mixtures of these were 
much inferior. The results with unpigmented var- 
nishes were, in general, unsatisfactory. On the other 
hand, aluminium-pigmented varnishes, irrespective 
of the vehicle used, all afforded adequate protection 
when applied to anodised surfaces. Zinc chromate- 
zine oxide primers, generally highly regarded because 
of the inhibitive effect of the chromate ions, were 
found to afford no better protection on anodised 
material than aluminium-pigmented primers, and 
owing to their lower flexibility, may be disadvan- 
tageous on flexed or vibrated aircraft parts. 


DuRABILITY OF MAGNESIUM ALLOYS 


Magnesium alloy sheets containing 1 per cent. of 
zine and 3 per cent. of cadmium were very susceptible 
to attack. The susceptibility to corrosion of the 
binary aluminium-magnesium alloys containing 4 to 
10 per cent. of aluminium increased with increasing 
aluminium content. Those containing more than 
7 per cent. of aluminium are not suited for structures 
exposed under marine conditions, even though pro- 
tected by surface treatment and painting. The addi- 
tion of zinc to these alloys renders them more resistant 
to attack. Cast alloys containing 3 per cent. of zinc 
and 6:5 per cent. of aluminium, if given adequate 
protection, should prove satisfactory for use in non- 
saline atmospheres. Alloys of similar aluminium 
content and 1 per cent. of zinc are less resistant. The 
most satisfactory behaviour in weathering tests was 
exhibited by magnesium alloys containing additions 
of tin and by magnesium-manganese alloys. 


SuRFACE TREATMENT OF MAGNESIUM ALLOYS 


Surface treatment by the phosphoric acid process 
yielded somewhat better adhesion of paint to the 
magnesium alloy surface than did the chrome-pickle 
process, but exposure tests showed that the more 
corrosion-resistant magnesium alloys, protected by 
an aluminium-pigmented paint used in conjunction 
with either of the foregoing surface treatments, should 
behave satisfactorily in marine atmospheres, provided 
that they are not subjected to frequent thorough 
wettings. 

REFERENCES 

1 Chimie et Industrie, Special Number, April, 1939. 

2? Hg., Sidery and Willstrop, Journal of the Royal Aero- 
nautical Suciety, 1939, 43, 605; Conference on Corrosion at 
Liége, Revue Univ. des Mines, August, 1939. 

* National Advisory Committee on Aeronautics, U.S.A., 
Report No. 663 (1939). 

Ibid., Report No. 490 (1934). 








Laboratory Corrosion Tests 





Corrosion problems have increased in importance 
as a result of demands for lighter construction for 
many purposes, and specially for aircraft. The 
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search for light alloys resistant to corrosion has led 
to the production of a large number of new alloys 
which have to be thoroughly tested before they can 
be adopted. Each test must bear some relation 
to the ultimate use to which the material is to be 
put, though in view of the multiplicity of factors 
involved there is a natural tendency to simplify 
and standardise corrosion test conditions. 

Some aspects of the problem of laboratory corrosion 
tests are discussed in a paper by Mlle. Goldowsky! 
and illustrated in a general way by results obtained 
in the chemical laboratories of the French Air 
Ministry. Dr. Goldowsky emphasises two features 
which must govern the conditions of a laboratory 
corrosion test: (1) The medium to which the 
meta] will be exposed during use, and (2) the condi- 
tions of construction, e.g., the form of the structure, 
method of assembly, protection, &c. Examples 
are given of the part played by these factors and 
their influence on the results of tests. 

Among the various corrosive media considered, 
special reference is made to air, sea water, and 
leaded fuel. Atmospheric corrosion tests are usually 
simple exposure tests of long duration and no 
alternative is proposed. On the other hand, a warning 
is given of the effect of climate, humidity, tempera- 
ture, composition of the atmosphere (rural, industrial, 
marine, &c.), and of the amount and intensity of 
light. Thus, results to be expected at one place 
cannot be inferred from those obtained at another, 
unless there is some constancy in these conditions. 
In tests of protection by paint it is difficult to realise 
comparative conditions in widely separated stations 
as, apart from climatic conditions, the action of 
light varies in different latitudes. 

Sea-water corrosion is liable to similar variations 
in different places and at different seasons of the 
year. In experiments made at Concarneau, in 
Britanny, corrosion of duralumin was found to be 
far more intense in the autumn than in the spring. 
This was attributed, not merely to temperature 
effects, but to the formation of marine growths 
on the specimens, introducing a biological factor 
into the problem of corrosion. This is specially 
important in the testing of the protective value 
of paints, which may be destroyed by these organisms. 
The activity of their attack is not only affected by 
the composition of the paint, but also by its colour. 
If sea water is taken and transported to the laboratory 
the effect is not the same, and it is therefore usual 
to replace it by a salt solution chosen to produce 
as nearly as possible the same kind of corrosion product 
as that formed in the sea. It is of interest to note 
how the intensity of corrosion varies with the con- 
centration of different salts present in sea water. 
As a result of tests of this kind and observa- 
tions of the appearance of the corrosion product 
in solutions giving a loss of weight identical with 
that given by sea water, Mlle. Goldowsky, in agree- 
ment with Monsieur Chaudron, recommends a solution 
containing 3 per cent. sodium chloride + 0-3 per 
cent. magnesium chloride; but different types of 
corrosion are obtained when this solution is used 
in different ways. Two methods are common— 
the salt spray and intermittent immersion. Corrosion 
results approximating to those given by the conditions 
of service of seaplanes are considered to be obtained 
in experiments of thirty days’ duration by immersion 
for half an hour in salt solution at 30 deg. Cent. 
followed by suspension in air for the same time at 
the same temperature, the extent of corrosion being 
judged by change in mechanical properties. The 





results reveal the important fact that a high initial 
tensile strength may suffer a loss of 50 to 75 per 
cent. in thirty days, and that materials with much 
lower initial tensile properties, but a high resistance 
to corrosion, may be more satisfactory in practice if 
they have to undergo long exposure to sea water 
during use. 

The only other corroding medium referred to 
is petrol containing lead tetra-ethyl or leaded fuel. 
The corrosive action of this is of the highest import- 
ance in aviation and the correct conditions of labora- 
tory tests are discussed in some detail. The important 
factors are that there is always some water present, 
which tends to separate to the bottom, and that the 
minute holes which perforate petrol tanks are always 
at the bottom and never at the top. If leaded fuel 
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is shaken up with water and a specimen of a light 
alloy immersed vertically, corrosion proceeds only 
in the part in contact with the water, the part in 
contact with the petrol is not affected. (If the 
specimen is of stainless steel, the opposite occurs, 
the part in contact with the petrol being attacked.) 
In studying the action of leaded fuel on magnesium 
alloys the petrol and water were shaken together 
for different times and the layers separated. On 
subjecting magnesium alloy specimens to the two 
reagents it was found that as the time of shaking 
was prolonged the petrol lost its corrosive properties, 
and in proportion as it became less corrosive the 
corrosive power of the water increased. This is 
explained by the fact that the leaded fuel contains 
both lead tetra-ethyl and ethylene dibromide and 
that the presence of water hydrolyses the latter, 
giving a very corrosive acid solution. On the basis 
of these experiments, Mlle. Goldowsky recom- 
mends, as the corrosive medium in tests of the 
corroding effect of leaded fuels on different alloys, 
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water shaken up with and subsequently separated 
from the petrol. 

The author goes on to consider the influence 
which conditions of construction and of use should 
have on the character of the tests made. The 
importance of these conditions is evident from the 
fact that corrosion is rarely observed in smooth 
sheets, but rather in the vicinity of rivets, in regions 
of curvature, or in places where some heterogeneity 
has been introduced by the method of manufacture. 
This suggests that resistance to corrosion should 
be studied on specimens analogous in form or structure 
to the finished article. This applies more particularly 
to unprotected metals, though the efficiency of 
methods of protection may also depend on the state 
of the underlying metal, and especially on the 
character of its surface. 

In studying the intrinsic resistance to corrosion 
of a metal it is evidently necessary to take specimens 
of simple form, but if tensile tests are to be carried 
out the test pieces should be cut from the corroded 
sheet and not exposed as tensile specimens, for the 
edges of such specimens are most readily attacked 
and thus the results will be dependent on geometrical 
form as much as on the nature of the material. 
When the material is to be employed in a curved 
form bent specimens should be used. An increase 
in angle of bend from 15 deg. to 40 deg. doubled the 
loss of weight of aluminium in sodium-hydroxide 
solution. Bending produces a state of deformation 
which may not only directly augment the suscepti- 
bility of the metal to corrosion, but may give rise 
to electro-chemical action in the presence of an electro- 
lyte. Apart from this, bends and folds in actual 
structures may constitute a cause of corrosion by 
facilitating the accumulation of water in certain 
places. In the case of sea water increase of the 
concentration by evaporation may render the 
corrosion more intense. 

Welded constructions have their own problems. 
Ia torch-welded light alloys, the welding can produce 
three distinct types of corrosion according to the 
constitution of the metal: (1) the weld is protected 
and the parent metal is violently attacked; (2) 
the weld is attacked and the parent metal protected, 
or (3) the corrosion is sharply localised on each side 
of the weld. Consequently, in studying the resistance 
to corrosion of welds it is necessary to use specimens 
which include the whole of the altered region on 
each side of the weld and some unaffected material. 
Electric spot welding does not produce the same 
degree of heterogeneity, and susceptibility to corrosion 
can be minimised by proper regulation of the spot 
welding machine. Corrosion of spot welds, when 
it occurs, takes a different form in different materials. 
In magnesium alloys the interior of the spot is 
attacked, in alloys of aluminium with copper the 
edge of the spot undergoes attack. In riveted con- 
struction it is desirable that rivets and parent metal 
should have identical or similar solution potentials 
in the presence of an electrolyte. Some alloys, 
however, are only made in the form of sheet, and in 
such circumstances the author, on the basis of special 
corrosion trials followed by tensile tests, recom- 
mends that it is better to sacrifice the rivet than the 
sheet, 7.e., that the rivets should be made of the less 
noble alloy. 

All that has been said above applies also to the 
testing of protective coatings. To study the intrinsic 
protective value of a coating the simplest geometrical 
form of specimen is best, but a coating which behaves 
well in these circumstances may not do so on material 





of a different form. The value of a protective coating 
is dependent on all factors which can influence its 
adhesion, and it is necessary to make tests on the 
finished parts to judge of the efficiency of a coating. 
A protective coating may not have sufficient insulat- 
ing quality to mask the electro-chemical differences 
in the underlying metal. The author refers to some 
newly painted railway coaches which rapidly 
developed a regular series of black spots. Their 
position was identified as that of rivets which were 
found to be of brass while the plates were of steel. 
Electrified dust particles were repelled by the steel 
and attracted by the brass. They were thus deposited 
on the heads of the rivets, forming black stains. The 
paint had insufficient insulating qualities to stop this 
effect. 

Mlle. Goldowsky’s paper is general in character. 
It gives no detailed results of corrosion tests on a 
variety of materials such as are given (to mention 
recent examples) in the papers of A. J. Sidery and 
J. W. W. Willstrop? and of W. Mutchler.* In some 
respects it invites comment. For example, the 
method of utilising an aqueous extract of leaded petrol 
as a medium for corrosion tests would appear to violate 
one of the principles that the paper lays down, viz., 
that the condition of the test must be such as to 
produce the type of corrosion occurring in practice. 
The minute pinholes in the petrol tank are initiated 
by tiny globules of water, charged with hydro- 
bromic acid, which settle on the bottom, and 
analogous conditions would appear to be more 
readily secured by immersing a specimen hori- 
zontally in a very fine suspension of water in the 
petrol, and allowing the water drops to settle and 
rest on the level surface. Then, again, the effect 
of curvature raises questions. On bending a thick 
strip beyond its yield point the neutral axis moves 
towards the inside of the bend—that is, the amount 
of metal subject to tensile deformation is much 
greater than that deformed in compression. The 
linear extent of the deformation on the outside of 
the bend is much greater than on the inside, and so 
presumably the effect on corrosion resistance is 
greater on the outside. In practice, however, the 
detrimental effect of cold bending on resistance to 
corrosion may be avoided by carrying out the forming 
operations immediately after the solution treatment 
of the alloy and before age hardening has taken 
place. Nevertheless, the paper succeeds in its main 
intention of emphasising the fact that it is dangerous 
to extrapolate the results obtained on specimens 
of simple geometrical form and apply them to struc- 
tures which are more complicated in shape, owing 
to the introduction of bends and folds, or more 
heterogeneous in character, owing to the presence 
of welds or rivets. 


REFERENCES 
1“ Bulletin de la Société Royale Belge des Ingénieurs et des 
Industriels,’’ 1939, No. 9, page 803. 
2 Journal of the Royal Aeronautical Society, 1939, 43, 605 ; 
see also THE ENGINEER, 1939, 167, 256. 
** Reports of the National Advisory Committee on Aero- 
nauties’’ (U.S8.A.), 1939, No. 663. 








High-Tensile Structural Steels 
Containing Copper 


CorPER as an alloy element in steel can influence 
the tensile properties by raising the strength of the 
ferrite solid solution, by displacing the transforma- 
tion temperatures at different rates of cooling and 
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so affecting the hardenability, and by causing pre- 
cipitation hardening. Details of investigations of 
all these aspects of the influence of copper are 
reviewed by E. Houdremont, H. Bennek, and H. 
Neumeister! in a paper on “ The Effect of Copper 
Content on the Mechanical Properties of High- 
tensile Structural Steel.” The authors state that the 
German high-tensile steels of the type known as 
St.52, nearly all contain copper in small amount. 
In steels of this class delivered to the German State 
Railways during the last 2} years the highest copper 
content was 0-55 per cent. Most steel makers work 
within the limits 0-3 to 0-4 per cent. The suggestion 
to use copper originally came from America, where 
the improved resistance of copper-bearing steels to 
atmospheric corrosion had been observed in railway 
wagons. The high-silicon steels developed in Germany 
about 1926 had a relatively low resistance to rusting 
and a copper addition of about 0-25 per cent. was 
made to them. On account of the favourable effect 
of copper on the tensile properties, the German State 
Railways subsequently specified a minimum copper 
content of 0-25 per cent. for their high-tensile struc- 
tural steels. In the transition from the plain silicon 
steels to the wider variety of low-alloy steels now 
used, the copper content rose to 0-6 or 0-9 per cent. 
in some steels occasionally employed, though, as 
indicated above, it is now rarely more than 0-4 per 
cent. 
information on the general effect of copper, data 
referring to the influence of copper in this quantity 
on the tensile properties of structural steels are 
relatively scarce and somewhat conflicting. Both 
B. O. Kommerell? and J. Welter® state that the 
copper increases elongation and yield point without 
raising the tensile strength. According to P. Hoff, 
the first marked action on tensile strength and yield 
point occurs when the copper exceeds 0-45 per cent., 
and he concludes that the high limit now being worked 
to is too low. Data provided by H. Hauttmann® 
indicate that the yield point of a steel containing 
carbon 0-18, silicon 0-5, manganese 1-2, and molyb- 


Although there is a considerable amount of 


denum 0-1 to 0-2 per cent. was raised 0-5 kilo. per 


square millimetre for each 0-1 per cent. of copper. 


Taste II.—Mechanical Properties of Copper-bearing Steels 





Thus, for a copper content of 0-3 per cent., the 
increase in yield point would be 1-5 kilos. per square 
millimetre (about 1 ton per square inch). 

The assessment by the authors of the results of 
tensile tests on several hundred annealed plates of 
St.52 from 5 mm. to 6 mm. thick showed a general 
increase in strength with increase in copper, while 
yield point remained unaltered and elongation fell, 
but in consequence of the scattered character of the 
numerical results and consequent uncertainty of the 
conclusions they proceeded to carry out an experi- 
mental investigation of material of the composition 
given in Table I, produced in 100 kilo. melts in a 


TaBLe I,—Percentage Composition of the Experimental Steels 




















Steel. Cc. Si. Mn. Cr. Cu. 
1 | 0-16 0-40 1-43 0-02 0-14 
2 | 0-16 0-39 1-38 0-01 0-47 
3 0-20 0-44 1-63 0-06 0-11 
4 0-19 0-41 1-62 0-06 0-45 
5 0-18 0:37 0-94 0-30 0-15 
6 0-17 0-39 0-91 0-30 0-49 
7 |; 0-18 0-40 1-25 0-36 0-11 
8 0-18 0-52 1-26 0-30 0-48 
high-frequency furnace. The ingots were rolled or 


forged into plates 12 mm. thick and bars 20 mm. in 
diameter, and in addition to the usual finishing tem- 
perature a high and a low finishing temperature were 
also used for comparative purposes. The material 
from each finishing temperature was finally tested 
after cooling at different rates from 850 deg. Cent., 
and in steel finished at the usual temperature the 
effect of air cooling from different reheating tem- 
peratures between 850 deg. and 1000 deg. Cent. was 
determined. A selection of the results, which were 
given in numerous tables and curves, is reproduced 
in Table II. It will be seen that steels 1 and 2, after 
similar treatment, gave almost identical results. In 
steels 3 and 4 the tensile strength was considerably 
































! 
Type of steel nad Manganese-copper steels. Manganese-chromium-copper steels. 
No. (for composition, see Table I) " ; 1 and 2. 3 and 4, 5 and 6. 7 and 8 
As forged; finish- | Yield point, tons per sq. in. ... 22-2 21-6 | 22-9 23-5 22-9 23-5 24-1 24-1 
ing tempera-| Ultimate stress, tons per sq.in. ...| 34+7 34-3 41-0 43-4 34-2 33-5 40-0 40-1 
ture 1100 deg.| Elongation, per cent. (l= 5d) 32-5 32-7 24-8 22-8 33-0 32-5 28-9 29-5 
Cent. Reduction of area, per cent.... 70 65 66 54 72 71 65 65 
Impact value, mkg./em.? 18-1 16-5 8-6 8-8 20-3 17-8 10-0 11-7 
The same, re- | Yield point,tonspersq.in.... ...| 20-3 21-0 26-0 27-3 19-7 19-7 24-1 23-5 
heated to 850; Ultimate stress, tons persq.in. ...| 32-4 32-4 38-1 40-0 31-7 31-6 36-5 35-6 
deg. Cent. and} Elongation, per cent. (l= 5d) 34-5 35-0 31-2 29-5 35-0 35-0 32-0 32-0 
slowly cooled! Reduction of area, per cent. ... 70 70 70 71 70 67 71 71 
in furnace Impact value, mkg./cm.? 17-8 18-2 14-8 14-7 18-8 18-4 16-5 15-2 
Forged to usual} Yield point, tons persq.in. ... ...| 22-9 23-5 22-9 23-5 21-6 22-2 22-2 22-9 
finishing tem-| Ultimate stress,tons persq.in. ...| 34-6 35-6 41-3 43-0 34-3 34-9 41-2 39-7 
=. re-| Elongation, percent. (J=5d) ...|_ 32-3 31-8 29-5 29-8 33-0 30-8 28-0 32-5 
eated to 900} Reduction of area, percent.... ...| 71 68 59 56 72 68 61 61 
deg. Cent.,and| Impact value, mkg. /cm.* cat eR 20-1 11-1 10-0 20-0 19-0 7-5 9-8 
air cooled | 
Forged to usual| Yield point, tons per sq. in. ... 19-7 | 21-0 22-9 24-1 20-3 20-3 23-5 23-5 
finishing tem-} Ultimate stress, tons per sq. in. 35°7 | 34-1 41°3 42-9 33-9 33-9 43-3 40-3 
rature; re-| Elongation, percent. (l=5d) 31-8 | 31-0 29-7 29-5 32-0 31-8 24-8 28-8 
eated to 1000} Reduction of area, per cent. ... 70 |; 68 | 63 59 72 70 56 61 
deg. Cent., and} Impact value, mkg. /em.* 14-9 15-4 10-0 10-2 17-3 15-6 8-4 9-1 
air cooled 
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higher throughout, and that of the air-cooled steels 
was reduced by tempering at 400 deg. Cent. and above, 
while the yield point, elongation and reduction 
of area were raised by this treatment. The 
tempering treatment also produced a marked 
improvement of impact figure. The effect of temper- 
ing was a little greater on steel 4 than on steel 3. 
The difference in properties due to different 
copper content was, in the slowly cooled or 


MANGANESE - COPPER STEELS 
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indications of hardening appear in the structure. 
Since copper increases hardenability, however, its 
influence becomes correspondingly greater with 
increasing rates of cooling. In steels of higher 
strength, which, on account of their alloy content, 
lie in the region of the critical rate of cooling when 
cooled in air, a copper addition of several tenths per 
cent. may play a valuable part in attaining the 
specified strength requirements in a high-tensile 
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Influence of Tempering After Normalising from 850 deg. Cent. on the Mechanical Properties of the Steels with 
Compositions given in Table I 


the normalised and tempered condition, 
small. The properties of the low carbon 
steels 5 and 6 were almost identical in all 
conditions, but steels 7 and 8 showed effects, 
due to increased hardenability, similar in character 
to, but less in degree than, those shown by steels 3 
and 4. Commercial open-hearth steels containing 
carbon 0-16 and manganese 1-4 per cent. in the form 
of billets, bars, girders, and other sections were 
examined in similar positions after similar treatment. 
The results were not very regular as the effect of 
the copper was masked by variation in the other 
elements present, but a tendency was observed for the 
increase of copper from about 0-15 to about 0-45 per 
cent. to raise the yield point by 1 to 4 kilos. per square 
millimetre (0-6 to 2-5 tons per square inch), with 
very little effect on the other properties. Copper- 
bearing steels were regarded as preferable to steels 
with higher manganese for welding, since the danger 
of the formation of a brittle zone near the welded 
joint is much less. 

The general indications of the investigation were 
that variations in copper content up to 0-5 per cent. 
are without any noteworthy influence on the strength 
of the low carbon steels as long as the steel is cooled 
in air or in a furnace; that is, so slowly that no 


very 








steel, but in order that the air-hardening tendency to 
which it gives rise may not be too great, the authors 
conclude that it is expedient for the copper in the 
high-tensile structural steel (like St.52) not to 
exceed 0-5 per cent. 
REFERENCES 
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The Effect of Capacity for Work 
Hardening on the Tensile 
Properties of Austenitic Steel 

J. A. JONES, M.Sc., F. Inst. P.* 


TENSILE-BRINELL HARDNESS RATIO 
Tue general relation which exists between Brinell 
hardness and tensile strength is well known and is 
widely used in the case of a large variety of steels. 


* A communication from the Central Research Department, 
the United Steel Companies, Ltd., Stocksbridge, near Sheffield. 
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It has been found, however, that for steels of the 
austenitic type the value of the ratio varies within 
wide limits according to the analysis of the steel and 
the treatment to which it has been subjected prior 


TABLE I.—Variation in Tensile/Brinell Hardness Ratio in Hot 
Rolled Strip Reheated for 1 Hour at Various Temperatures 











Treat- | Max. stress,| Elongation, Brinell Max. stress 

ment. tons per per cent. hardness Brinell 
sq. inch. on 2in. number. hardness. 

Type of steel: 18 per cent. Cr, 8 per cent. Ni, 0-09 per cent. C, 

Hot rolled 58-6 39-0 283 0-207 
Deg. Cent. 

500 59-9 38-5 283 0-212 
600 58-9 38-0 267 0-221 
700 57-3 44-0 245 0-234 
800 55-1 34-0 220 0-250 
900 51-4 50-0 177 0-290 
1000 44-5 68-0 138 0-323 


Type of steel: 18 per cent. Cr, 8 per cent. Ni, 0-08 per cent. C. 


Hot rolled 57-4 42-5 277 0-207 

500 58-8 38-0 265 0-222 

600 58°3 38-0 256 0-228 

700 57-8 42-5 246 0-235 

800 56-3 34-0 221 0-255 

900 52-2 56-0 189 0-276 

1000 46-3 67-0 165 0-281 

(5 min.) 

Type of steel: 14 per cent. Cr, 12 per cent. Ni, 0-07 per cent. C. 

Hot rolled 47-3 25-0 264 0-179 

500 48-2 28-0 264 0-182 

600 47-0 31-5 247 0-190 

700 44-7 37-0 230 0-194 

800 39-9 56-0 179 0-223 

900 37-7 56-0 131 0-288 

1000 34-6 65-0 116 0-298 

















to testing. The variations in the ratio are illustrated 
by the results given in Table I, indicating the influence 
of reheating temperature on the tensile strength- 
Brinell hardness ratio of hot rolled austenitic steels. 
The samples of 20 gauge strip were held at the 


0:36 


18% Cr. B%Ni. 0-09%C. 
0:32 


14% Cr. 12%Ni. 0:07%C. 


0:28 
1B%Cr. B%Ni. 008%C. 


0:24 


0:20 


Maximum Stress - Brinell Hardness Ratio 


Ss 
~ 
> 


012 





ssn Reheating Temperature °C @ 


Fic. 1—Effect of Reheating Temperature on the Value of the 
Maximum Stress-Brinell Hardness Ratio of Hot Rolled Strip 


reheating temperature for one hour followed by 
air cooling and subsequently tested in a tensile 
machine at a uniform straining speed of lin. per 
minute. The test pieces were 14in. long by lin. 





wide. The tensile-Brinell hardness ratio for each 
steel has been plotted against the reheating tempera- 
ture in Fig. 1. 

It will be noted that the value of the tensile- 
Brinell hardness ratio increases gradually at first 
with increase in reheating temperature and sub- 


TaBteE Il.—Effect of Speed of Testing on the Mechanical Properties 








of Hot Rolled Strip 
Rate of | Max. stress,| Elongation, Brinell Max. stress 
straining, | tons per per cent. hardness Brinell 
in, permin.| sq. inch. on 2in. number. hardness. 

Type of steel : 18 per cent. Cr, 8 per cent. Ni. 

t 62-6 | 44-0 277 0-226 

3 59-3 | = 47-0 277 0-214 

1 57-4 | 42-5 277 0-207 

2 57-2 39°5 278 0-206 
Type of steel : 18 per cent. Cr, 8 per cent. Ni. 

£ _ 62-9 41-0 282 0-223 

4 61-0 39-0 284 0-215 

1 58-6 39-0 283 0-207 

2 57-7 37-5 281 0-205 
Type of steel : 14 per cent. Cr, 12 per cent. Ni. 

4 47-5 36-0 260 0-183 

$ 47°8 26-0 261 0-183 

1 47°3 25-0 264 0-179 

2 47-5 22-0 265 0-179 

















sequently more sharply at temperatures of 800 deg. 
Cent. and above. 


SPEED OF TESTING 


It is known that the tensile properties of austenitic 
steels are affected to an appreciable extent by 
variations in speed of straining in testing and con- 
sequently this feature would affect also the values 
of the tensile-Brinell hardness ratio. 

The effect of speed of testing on the tensile pro- 
perties of austenitic steels in the hot rolled con- 
dition is indicated in Table II and on the properties 


TaBLe II1.—2ffect of Speed of Testing on the Mechanical 
Properties of Softened Strip 
(Softened 1050 deg. to 1100 deg. Cent. water quenched.) 














Rate of | Max. stress,| Elongation, Brinell Max. stress 
straining,| tons per per cent. hardness Brinell 
in, permin.| sq. inch. on 2in. number. hardness. 
Type of steel : 18 per cent. Cr, 8 per cent. Ni. 

0-03 | 54-1 | 73-0 163 0-332 

4 | 53-4 71-5 164 0-326 

; | 50-1 | 84-0 164 0-305 

1 | 46-3 67-0 165 0-281 

2 44-2 | 63-0 164 0-269 

Type of steel: 18 per cent. Cr, 8 per cent. Ni. 

0-03 53-0 74-0 | 153 0-347 

4 50-5 75-5 | 150 0-336 

4 48-5 85-0 154 0-315 

1 47-0 71-5 155 0-310 

2 45-9 68-0 156 0-294 
Type of steel: 14 per cent. Cr, 12 per cent. Ni. 

0-03 35-4 80-5 ; 113 0-313 

Pa 35-2 75-0 | 118 0-298 

4 35-0 69-0 | 120 0-292 

1 34-6 62-0 | 116 0-290 

2 34-6 61-0 | 116 0-290 

U 














of the same steels in the fully softened*condition in 
Table IIT. 

It will be seen that in the case of the 18 per cent. 
Cr, 8 per cent. Ni, steels in the hot rolled and in the 
softened conditions, there is an appreciable increase 
in the value for maximum stress as the speed of 
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straining becomes slower, this effect being most 
pronounced in the case of the softened strip. 

The effect is very slight even in the fully softened 
condition for the 14 per cent. Cr, 12 per cent. Ni, 
steel. 

The magnitude of these effects is probably related 
to the work-hardening capacity of the material being 


TaBLE LV.—Variation in Tensile/Brinell Hardness Ratio in Hot 
Rolled Strip of 18 per cent. Cr, 8 per cent. Ni, Steel Reheated 
for 1 Hour at Various Temperatures (Further Tests) 




















Brinell Max. stress. 
‘Treatment. Max. stress,| hard 

tons/sq. in. No. Brinell 

hardness. 
Hot rolled ... ... 57-3 258 0-222 

Reheated 1 h.: 

500 deg. Cent. ... 58-5 262 0-223 
600 deg. Cent. ... 57-2 257 0-223 
700 deg. Cent. ... 55-6 244 0-228 
800 deg. Cent. ... 53-9 233 0-231 
900 deg. Cent. ... 50-6 183 0-271 
1000 deg. Cent. ... 44-6 162 0-276 
1100 deg. Cent. ... 44-9 | 153 0-294 





tested. The capacity for work hardening of the 
softened material is known to be greater than that 
of the corresponding hot rolled material, whilst 
it is also known that the capacity for work hardening 
of 18 per cent. Cr, 8 per cent. Ni, steel is appreciably 
greater than that of 14 per cent. Cr, 12 per cent. Ni, 
steel. 

The variations obtained in the figures for per- 
centage elongation in the 18 per cent. Cr, 8 per cent. 
Ni, steel with the different speeds of testing are 
particularly interesting. For the softened material 
and for fast speeds of testing, as the speed is reduced, 
the elongation increases rapidly, but reaches a 
maximum at a speed of straining corresponding to 
jin. per minute. One sample of hot rolled strip 
shows similar effects but to a lesser degree. 

In the case of the 14 per cent. Cr, 12 per cent. Ni, 
steel, a progressive increase in the percentage elonga- 
tion figures is obtained as the straining speed is 
reduced. 


MEYER’s ANALYSIS 


It was considered that some confirmation of the 
suggestion that the variations found in the tensile- 











Tasite V.—Diameter of Indentations for Various Loads for 
18 per cent. Cr, 8 per cent. Ni, Steel (Meyer's Analysis) Hot 
Rolled Strip 

Reheating 

tempera- Diameter of indentations in mm. 
ture, 

deg. Cent.| 40 kilos. 60 kilos. 80 kilos. 120 kilos. 
500 0-457 0-550 0-625 0-748 
600 0-462 0: 555 0-631 0-756 
700 0-473 0-565 0-647 0-774 
800 0-483 0-578 0-659 0-793 
900 0-555 0-662 0-750 0-880 

1000 0-594 0-708 0-793 0-943 
1100 0-612 0-725 0-823 0-968 

















Brinell hardness ratio were associated with the 
relative work-hardening capacity of the various 
samples might be obtained by a study of the variations 
in the values of the constants n and a of 
Meyer’s equation (L=ad*) in austenitic steels. 
Another sample of 18 per cent. Cr, 8 per cent, Ni, 





steel was tested in 10 gauge strip for tensile and 
Brinell hardness in the hot rolled and in the reheated 
conditions. A slower rate of straining—tin. per 
minute—than normal was adopted for these par- 
ticular samples. The results of these tests are given 
in Table IV. 

Meyer’s Law states that L=ad", and therefore 
log,» L=logya+-n logyod, which means that !plotting 
logy L against log,@ should give a straight line if 
the law is applicable to the material under test. 

Tests were carried out on the 18 per cent. Cr, 
8 per cent. Ni, steel used for the tensile tests, the 
results of which are given in Table IV. Hardness 
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indentations were made on a polished face of the 
reheated specimens with a 2mm. ball using loads 
of 40 kilos., 60 kilos., 80 kilos., and 120 kilos. On 
each sample six indentations were made with each 
load and the average diameter of the impressions 
taken. The results are given in Table V. 

The seven sets of readings are plotted in logarithmic 
form in Fig. 2, and it will be seen that each set 
gives a straight line, within very close limits. 

The index n is represented by the slope of these 
lines and the following values are obtained :— 


Reheating 
tempera- Value of Value of 
ture, n. n~2. 
deg. Cent. 
500... 2:22 0-22 
600 ... 2°22 . 0-22 
700 ... 2-22 . 0°22 
800 ... 2-22 - 0-22 
900 ... 2-30 0-30 
1000 2-38 0-38 
1100 2-38 0-38 


These results show a constant value for n for reheating 
temperatures up to 800 deg. Cent. However, at 
900 deg. Cent. and above, where appreciable softening 
of the hot rolled strip has occurred, the value of n 
increases. 

Determinations of the value of » by various 
investigators have shown that it usually lies between 
2 and 2:5. When n=2, the mean. load per unit 
area remains constant whatever the angle of the 
impression, and this has been taken to imply that 
the material is not hardened by cold work. As the 
value of n increases the more rapidly does the mean 
load per unit area increase with increasing depth 
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of impression relative to its diameter. This signifies 
that the greater the value of n the greater is the 
hardening effect of cold work; in other words, n-2 
may be taken as a measure of the capacity of a 
material for being hardened by cold work. We can 
therefore obtain a figure for the relative capacity 


TaBLE VI.—Variation in Tensile/Brinell Hardness Ratio in Hot 
Rolled Strip of 14 per cent. Cr, 12 per cent. Ni, Steel Reheated 
for 1 Hour at Various Temperatures (Further Tests) 











Max. Max. 
stress, Elong., Brinell stress. 
Treatment. tons/sq. | percent. | hardness 
in. on 2in. No. Brinell 
hardness. 
Hot rolled... ... 43-9 39-0 236 0-186 
Reheated 1 h.: 
500 deg. Cent.| 44-2 35-5 247 0-179 
600 deg. Cent.| 43-7 38-0 239 0-183 
700 deg. Cent. 42-7 39-0 234 0-183 
800 deg. Cent. 36-6 56-0 143 0-256 
900 deg. Cent. 35-6 62-0 136 0-262 
1000 deg. Cent. 34-3 65-0 122 0-281 
1100 deg. Cent. 32-1 72-0 lll 0-289 














for being hardened by cold work for the samples 
of hot rolled strip of 18 per cent. Cr, 8 per cent. Ni, 
steel reheated to various temperatures as indicated 
in Table I. 

It will thus be seen that the capacity of the hot 
rolled strip for being hardened by cold work remains 
constant for reheating temperatures up to 800 deg. 
Cent., but increases rapidly as this temperature is 
raised to 900 deg. Cent. and over. This, it will be 
noted, is the reheating temperature at which the 
marked increase in the value of the ratio of maximum 
stress to Brinell hardness occurs. The high values 
of the ratio of maximum stress to Brinell hardness 
number obtained for the samples reheated at 900 deg. 
Cent. and over may thus be attributed to an 
abnormally high value for tensile strength due to 
work hardening during the course of the tensile 
test, this test affording much greater opportunity 
for work hardening to take place than the Brinell 
hardness test. Only slight work hardening occurs 
during the tensile test on the hot rolled material 
reheated at 800 deg. Cent. and lower, due to the 


Taste VII.—Diameter of I ndentations for Various Loads for 
14 per cent. Cr, 12 per cent. Ni, Steel (Meyer’s Analysis) 














Reheating Diameter of indentation in mm. 
temperature. 
40 kilos. | 60 kilos. | 80 kilos. | 120 kilos. 
Hot rolled ... ...) 0:475 0-576 0-659 0-788 
500 deg. Cent. ...| 0-467 0-564 0-639 0-771 
600 deg. Cent. ...| 0-477 0-570 0-649 0-782 
700 deg. Cent. ...} 0-483 0-577 0-658 0-792 
800 deg. Cent. ...) 0-620 0-735 0-838 0-999 
900 deg. Cent. ...| 0-626 0-758 0-865 1-022 
1000 deg. Cent. ve] 0-667 0-796 0-904 1-074 
1100 deg. Cent. ve] 0-697 0-830 0-935 1-123 
| 











lesser capacity of the steel in this condition to work 
harden. 

Similar tests were carried out on 10 gauge strip 
of 14 per cent. Cr, 12 per cent. Ni, steel containing 
0-05 per cent. carbon. 

Values for maximum stress and percentage elonga- 
tion were obtained from hot rolled and reheated 
specimens of 8in. gauge length strained at a uniform 
rate of lin. per minute. The results, together with 





those of Brinell hardness tests, are given in Table VI. 
Hardness indentations were made with various 
loads for the purpose of determining the value of 
the index n for this steel as in the case of the 18 per 
cent. Cr, 8 per cent. Ni, steel, and the results are 
given in Table VII. 

The values for log d have been plotted against the 
values of log L for each specimen in Fig. 3, and 
from measurement of the slope of the resultant 
straight lines drawn through the plotted points the 
numerical values for the index » were obtained. 
The values for n—2 for the various samples of this 
14 per cent. Cr, 12 per cent. Ni, material are given 
in the following table :— 


Reheating 
tempera- Values of 

ture, n-2. 

deg. Cent. 
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The capacity for being work hardened of the 
hot rolled strip of 14 per cent. Cr, 12 per cent. Ni, 
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steel remains constant on reheating at 500 deg. 
Cent., and shows a slight increase at 600 deg. Cent., 
with no further increase on heating at 700 deg. Cent. 
When the reheating temperature is raised to 800 deg. 
Cent., there is a marked increase in work-hardening 
capacity with no further increase when the tem- 
perature is raised to 900 deg. Cent. A further 
increase is evident on reheating at 1000 deg. and 
1100 deg. Cent. 

The foregoing results show that 14 per cent. Cr, 
12 per cent. Ni, steel has similar work-hardening 
characteristics to those of 18 per cent. Cr, 8 per cent. 
Ni, steel, a marked increase in work-hardening 
capacity occurring after heating at or above a 
certain temperature which coincides with that which 
produces a sudden increase in the value of the 
ratio of maximum stress to Brinell hardness. In 
the fully softened condition, 14 per cent. Cr, 12 per 
cent. Ni, steel is seen to be definitely less susceptible 
to work hardening than 18 per cent. Cr, 8 per cent. 
Ni, steel, a feature which is reflected in the relative 
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behaviour of the two materials in deep pressing under 
production conditions. 


SUMMARY AND CONCLUSIONS 


A marked difference is observed in the effect of 
the rate of straining on the tensile strength and 
(since Brinell hardness is determined under constant 
conditions) on the tensile-Brinell hardness ratio 
in 18 per cent. Cr, 8 per cent. Ni, and 14 per cent. Cr, 
12 per cent. Ni, steels. 

In the hot rolled condition the tensile strength 
of 18 per cent. Cr, 8 per cent. Ni, steel increases 
as the rate of straining becomes slower, whilst 
that of 14 per cent. Cr, 12 per cent. Ni, steel remains 
constant. 

In the fully softened condition the tensile strength 
of both steels is raised as a result of a slower rate 
of straining, but the effect is more pronounced in 
the 18 per cent. Cr, 8 per cent. Ni, steel. 

Strain hardening occurs between yielding and 
break, and it appears reasonable to suppose that 
this is more effective, the slower the strain is applied. 
The difference in behaviour is thus a probable indica- 
tion of the relative capacity for strain hardening 
of the two steels in the two different conditions. 
That this is so is borne out by the relation between 
Joad and area of impression in the Brinell test. 
In the relation L=ad", increase in intrinsic resistance 
of the material, as the size of the impression increases, 
is represented by the value of n—2. 

Measured values of n—2 showed an analogous 
variation to that of the tensile-Brinell hardness 
ratio at slow rates of strain, viz.: 


Range of tensile / 
Brinell hardness 
Value of ratio for rates of 
n—2. straining of 0-03 
to 2in. per min. 
Hot rolled : 
14 per cent. Cr, 12 
per cent. Ni 


ae 0-18 
18 per cent. Cr, 8 per 


cent. Ni... 
Softened : 
14 per cent. Cr, 12 
per cent. Ni o. =0°32 
18 per cent. Cr, 8 per 


0-22 0-21 to 0-23 


0-29 to 0-31 


cent. Ni 0-38 ... ... 0°27t0 0-35 


Thus both tensile tests, carried out at different 
rates of straining and hardness impressions made 
under different loads, afford confirmation of the 
greater work-hardening capacity of the 18 per cent. 
Cr, 8 per cent. Ni, steel than the 14 per cent. Cr, 
12 per cent. Ni, steel, and of the softened than of 
the hot rolled condition in each steel. 

The author wishes to thank Dr. T. Swinden, 
director of research, the United Steel Companies, 
Ltd., for permission to publish these results. 
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Protective Coatings for Metals. By R. M. Burns 
and A. E. Scuun. (American Chemical Society 
Monograph Series, No. 79.) 8vo, 407 pages. 
1939. New York: Reinhold Publishing Corpora- 
tion ; London: Chapman and Hall, Ltd. 32s. 6d. 


To all those familiar with Rawdon’s “ Protective 
Metallic Coatings,” the new version rewritten by 
Burns and Schuh will be of considerable interest. 





The former book, written over ten years ago by the 
distinguished metallurgist of the U.S. Bureau of 
Standards, has earned a high reputation, but the 
remarkable activity shown in the development of 
protective processes since that time needed to be 
provided for. Whereas Rawdon confined himself 
mainly to metallic coatings and such other technically 
related coatings as those of oxides and phosphates, 
Burns and Schuh, in undertaking the revision, 
viewed the subject on a broader basis and extended 
the scope over a wide range of protectives in addition 
to metals, e.g., paints, slushing compounds, and 
even concrete coatings. Hence the change of title 
to ‘‘ Protective Coatings for Metals.” Metallic 
coatings, however, receive the biggest share of 
attention, and compared with paints the space 
allotted to them is about 3:1. There is some over- 
lapping in the fields of usefulness of metallic and of 
other coatings, and an important aspect of the 
subject is the correct utilisation of metals as under- 
coatings in conjunction with organic finishes. From 
the point of view of the user, there would appear to 
be a distinct advantage in assembling the information 
on the various protective methods. 

The book was intended primarily for those con- 
cerned with the selection of coatings for particular 
uses. While it is, therefore, principally concerned 
with the properties and capabilities of coatings, 
a great deal of information is given on methods of 
production. The process used and the behaviour 
of the coating in practice are frequently interlinked. 
Thus, for example, there has been difference of 
opinion on the relative merits of electro-plated and 
hot-dipped zinc coatings for steel fittings. With 
an equal total weight of zinc, the electro-plated 
coating has sometimes proved inferior in rust resist- 
ance. This is, however, not due to any intrinsic 
superiority of hot-dipped zinc, but to the fact that 
the zine was not deposited evenly in electro-plating, 
leaving thinner areas which prematurely corroded 
through. The main conclusion of research on this 
matter is that provided the thickness of zinc all over 
the articles is the same, the value of the two types 
of coating would be substantially equal. The 
importance of adequate thickness of coating in 
securing good protective power has come to be 
recognised in practice. The difficulties in securing 
good distribution on all parts of the surface of fabri- 
cated articles -have, however, not been fully met, 
particularly with electro-deposited nickel. Investiga- 
tions on protective power under representative 
conditions of the various metallic coatings, in relation 
to the methods of application and use on different 
substrates, are well surveyed by the authors. The 
effects of a wide range of ‘environments are dealt 
with—atmospheric and immersed conditions, contact 
with foodstuffs, soils, and so on. 

Zine coatings figure prominently, occupying one- 
quarter of the metals section. This accords with the 
large tonnage of zinc used for coatings—stated to 
be nearly one-half of the total production of zine. 
Increased attention is given to electro-deposited 
zine in view of modern developments in rapid deposi- 
tion applicable to wire and steel strip, and the 
deposition of zinc in lustrous form. The application 
to wire is of interest since the coated wire is capable 
of being severely drawn down without detaching 
the zinc. The same tendency to emphasise electro- 
deposition is noticeable with other metals, in par- 
ticular tin and nickel, on account of. big strides 
made in recent years. Nickel used in electro-deposi- 
tion in the U.S., for instance, is stated to have 
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increased from 2,500,000 lb. in 1926 to 9,000,000 Ib. 
in 1937 owing partly to expansion of uses and partly 
to increased thickness of coating found to be needed 
for protection. In general, the treatment of the 
various processes appears to be remarkably thorough 
and complete, and only occasionally is there .any 
evidence of lack of discrimination. Thus, on the 
one hand, the constituents of various baths for 
electro-depositing “bright nickel” are usefully 
given, but an accompanying statement that the 
deposits from the baths in current use are all ‘‘ reason- 
ably ductile”’ is questionable. A_ half-tone block 
illustrating ductility in bright nickel shows a strip 
after crumpling without fracture. According to 
the stated source of the specimen, it was produced 
by a process specially favourable to good ductility. 
To be convincing, a record of comparative tests 
with other deposits would have been desirable. 

A section deals with testing, an outline being 
given of inspection methods such as those for deter- 
mination of average thickness, uniformity of thick- 
ness, porosity of coating ; mechanical tests, and also 
tests of the * field’ and accelerated types. It was 
hardly possible in the space available to give full 
working details for many of these methods, and 
more guidance on the advantages of particular 
methods would have been welcome. 

Passing to the parts dealing with paints and 
related coatings, it is found that the authors have 
been able to extract from a wide and rather chaotic 
subject much of benefit to the non-specialist. The 
constituents and types of paints and lacquers are 
discussed in relation to their properties. It is possible 





to arrive at highly protective paint coatings on the 
basis of carefully conducted exposure tests and also 
as a result of laboratory. tests such as those employing 
electro-chemical technique involving potential-time 
eurves. For structural steelwork erected inland, 
inhibitive pigments such as red lead are advan- 
tageous in priming coats, the top coats being selected 
largely for durability and appearance. Coatings 
such as these, although only a few thousandths of 
an inch in thickness, have been known to last. for 
decades. Unfortunately, excellent paints frequently 
fail after a relatively short time, owing to unfavour- 
able condition of the metal surface at the time of 
painting—incomplete cleaning from rust and dirt, 
presence of moisture, and so on. The ageing of 
paint films prior to exposure to corrosive conditions 
often affects the protective life ; fresh films tend to 
break down more easily. A large number of factors 
come into play in relation to durability and are 
carefully examined by the authors. The importance 
of suitable surface condition of the metal is perhaps 
one of the more significant conclusions emerging 
from recent work. The value of surface pretreat- 
ments such as phosphate pickling of steel, phosphating 
for steel and zinc, and anodising for aluminium alloys, 
is discussed in this connection. Details are also 
given of typical practical protective schemes for 
exposed steelwork, industrial equipment, motor 


cars, zine-base die-cast parts, and underground pipe. 

The book does justice to much of the relevant 
work carried out in this country as well as in America, 
and should prove of considerable use to all who have 
to deal with the prevention of corrosion. 

















